Fully epitaxial, exchange-biased magnetic tunnel junctions ͑MTJs͒ were fabricated with a Co-based full-Heusler alloy Co 2 MnSi ͑CMS͒ thin film as a lower electrode, a MgO tunnel barrier, and a Co 50 Fe 50 upper electrode. The microfabricated CMS/ MgO / Co 50 Fe 50 MTJs exhibited relatively high tunnel magnetoresistance ratios of 90% at room temperature and 192% at 4.2 K. The bias voltage dependence of differential conductance ͑dI / dV͒ for the parallel and antiparallel magnetization configurations suggested the existence of a basic energy gap structure for the minority-spin band of the CMS electrode with an energy difference of about 0.4 eV between the bottom of the vacant minority-spin conduction band and the Fermi level.
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Employing spin-polarized electrons is essential for spintronic devices. Due to the existence of an energy gap at the Fermi level ͑E F ͒ for one spin direction, half-metallic ferromagnets are characterized by a complete spin polarization at E F , 1 so these are the most promising ferromagnetic electrode materials for spintronic devices. Co-based full-Heusler alloys have been extensively studied recently as candidates for use in half-metallic ferromagnetic electrodes 2,3 and regarding their application to magnetic tunnel junctions ͑MTJs͒. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] This is because of the half-metallic ferromagnetic nature theoretically predicted for some of these alloys 14, 15 and because of their high Curie temperatures, which are well above room temperature ͑RT͒. 16 One Co-based full-Heusler alloy, in particular, Co 2 MnSi ͑CMS͒, has attracted interest because of its half-metallic nature theoretically predicted, with a large energy gap of 0.42 eV ͑Ref. 14͒ to 0.81 eV ͑Ref. 15͒ for its minority-spin band, and its high Curie temperature of 985 K. 16 Sakuraba et al. reported a high tunneling magnetoresistance ͑TMR͒ ratio of 570% at 2 K ͑67% at RT͒ for MTJs consisting of an epitaxial CMS lower electrode, an amorphous AlO x tunnel barrier, and a highly oriented CMS upper electrode. 11 We recently developed fully epitaxial MTJs with a Co-based full-Heusler alloy ͑Co 2 YZ͒ thin film of either Co 2 Cr 0.6 Fe 0.4 Al ͑CCFA͒ ͑Refs. 7-9͒ or Co 2 MnGe ͑Refs. 8 and 10͒ as a lower electrode and a MgO tunnel barrier and have demonstrated a relatively high TMR ratio of 90% at RT ͑240% at 4.2 K͒ for fully epitaxial CCFA/ MgO / Co 50 Fe 50 MTJs. 9 We have developed fully epitaxial MTJs with a CMS thin film as a lower electrode and a MgO tunnel barrier in the present study and have investigated their spin-dependent tunneling characteristics.
We will now describe the fabrication of fully epitaxial MTJs with a CMS thin film and a MgO tunnel barrier. To realize exchange biasing in these fully epitaxial MTJs, we used an upper electrode of Co 50 Fe 50 in a Co 50 Fe 50 ͑3 nm͒ / Ru interlayer ͑0.8 nm͒ /Co 90 Fe 10 ͑2 nm͒ trilayer, which was exchange biased with an IrMn antiferromagnetic layer through the Co 90 Fe 10 / IrMn interface. The fabricated MTJ layer structure was as follows: MgO buffer layer ͑10 nm͒ / CMS lower electrode ͑50 nm͒ / MgO tunnel barrier ͑2.4 nm͒ /Co 50 Fe 50 upper electrode ͑3.5 nm͒ / Ru interlayer ͑0.8 nm͒ /Co 90 Fe 10 ͑2 nm͒ /Ir 21.5 Mn 78.5 ͑IrMn͒ ͑10 nm͒ /Ru cap ͑5 nm͒, grown on a MgO ͑001͒ single-crystal substrate. Each layer in the MTJ structure was successively deposited in an ultrahigh vacuum chamber ͑with a base pressure of ϳ8 ϫ 10 −8 Pa͒ through the combined use of magnetron sputtering and electron beam ͑EB͒ evaporation.
The CMS layer was deposited on a MgO buffer layer by magnetron sputtering at RT and subsequently annealed in situ at 600°C for 15 min. The thus obtained 50-nm-thick CMS films had sufficiently flat surface morphologies with rms roughness of about 0.22 nm. Through x-ray pole figure measurements, we confirmed that the CMS films annealed at 600°C grew epitaxially and crystallized into the ordered L2 1 structure. 17 We determined that the CMS film composition was Co 2.0 Mn 0.84 Si 0.80 through inductively coupled plasma analysis.
The MgO tunnel barrier was deposited by EB evaporation at RT. The layers of Co 50 Fe 50 , Ru, Co 90 Fe 10 , and IrMn were all deposited by magnetron sputtering at RT. Reflection high-energy electron diffraction ͑RHEED͒ patterns observed in situ for each layer during fabrication clearly indicated that all the layers of the CMS lower electrode, MgO tunnel barrier, Co 50 Fe 50 upper electrode, Ru ultrathin interlayer, Co 90 Fe 10 layer, and IrMn layer grew epitaxially. We fabricated fully epitaxial MTJs with the layer structure described above by using photolithography and Ar ion milling. The fabricated junction size was 10ϫ 10 m 2 . As shown below, as-fabricated ͑i.e., not ex situ annealed͒ MTJs showed clear exchange-biased TMR characteristics. The MTJs of which transport properties will be described below are as-fabricated MTJs. Figure 1 shows a cross-sectional high-resolution transmission electron microscope lattice image of a fabricated MTJ layer structure. This image clearly shows that all the layers from the CMS lower electrode to the IrMn layer were grown epitaxially and were single crystalline, although the detailed structures of the successive layers from the Ru interlayer to the IrMn layer were not fully analyzed. Figure 1 also shows that extremely smooth and abrupt interfaces were formed in the CMS/ MgO / Co 50 Fe 50 trilayer. Figure 2͑a͒ shows typical magnetoresistance curves at a bias voltage ͑V͒ of 5 mV at RT and 4.2 K for an asfabricated CMS/ MgO/ Co 50 Fe 50 MTJ. Clear exchangebiased TMR characteristics were obtained with relatively high TMR ratios of 90% at RT and 192% at 4.2 K. Figure  2͑b͒ shows the TMR ratio at V = 5 mV, as well as RA AP and RA P as a function of temperature ͑T͒ from 4.2 to 297 K, where RA AP and RA P are the respective resistance-area products for the antiparallel and parallel magnetization configurations between the upper and lower electrodes. As T decreased from RT to 4.2 K, the TMR ratio increased by a factor of 2.1. If we use parameter ␥ = ␣͑4.2 K͒ / ␣͑RT͒, where ␣ is the TMR ratio, to represent the degree of temperature dependence of the TMR ratio, ␥ for the fabricated CMS/ MgO/ Co 50 Fe 50 MTJs was 2.1. This value of ␥ was much lower than the value ␥ = 8.1 previously reported for CMS/ AlO x / CMS-MTJs ͑a TMR ratio of 570% at 2 K and 67% at RT͒. 11 As shown in Fig. 2͑b͒ , RA AP also increased with decreasing T, while RA P was almost independent of T. These behaviors were similar to that previously reported for Co 70 Fe 30 /MgO/Co 84 Fe 16 MTJs by Parkin et al. 18 We deduced the spin polarization for the CMS electrodes by using Jullière's model for the TMR ratio; 19 TMR= 2P 1 P 2 / ͑1− P 1 P 2 ͒, where P 1 and P 2 are the spin polarizations at E F of the ferromagnetic electrodes in MTJs. As a reference sample, we fabricated fully epitaxial, exchangebiased MTJs with a layer structure of Co 50 Fe 50 ͑50 nm͒ / MgO tunnel barrier ͑2.2 nm͒ /Co 50 Fe 50 ͑3 nm͒ /Ru ͑0.8 nm͒ /Co 90 Fe 10 ͑2 nm͒ / IrMn ͑10 nm͒ / Ru cap. The TMR ratios for the as-fabricated ͑i.e., not ex situ annealed͒ epitaxial Co 50 Fe 50 -MTJs ͑146% at 4.2 K and 96% at RT͒ indicated that the effective spin polarization ͑i.e., the spin polarization determined using Jullière's model for fully epitaxial, singlecrystal MTJs͒ of the Co 50 Fe 50 film ͑P CoFe ͒ was 0.65 at 4.2 K ͑0.57 at RT͒. If we estimate the effective spin polarization of the CMS film ͑P CMS ͒ from the TMR ratio of 192% at 4.2 K ͑90% at RT͒ for the epitaxial CMS/ MgO / Co 50 Fe 50 MTJs by using Jullière's model with P CoFe of 0.65 at 4.2 K ͑0.57 at RT͒, we obtain a P CMS value of 0.75 at 4.2 K ͑0.54 at RT͒. This P CMS value of 0.75 at 4.2 K was much lower than the value of 1.0 theoretically predicted. Structural defects arising from deviation of the film composition from the stoichiometric one may lead to reduced spin polarization at E F . 20, 21 Thus, we can attribute the low P CMS value of 0.75 at 4.2 K to the CMS film composition of Co 2.0 Mn 0.84 Si 0.80 significantly deviating from the 2:1:1 stoichiometric one.
We investigated the TMR ratio as a function of bias voltage V from RT to 4.2 K, where V was defined with respect to the CMS electrode. The TMR ratio exhibited a cusplike V dependence within a range of ±0.1 V around V = 0 at 4.2 K, which was smeared out at RT. The bias voltages at which the TMR ratio fell to half the zero-bias value ͑V half ͒ were about −0.36 and +0.38 V at RT ͑−0.28 and +0.20 V at 4.2 K͒.
To further investigate spin-dependent tunneling characteristics in the CMS/ MgO/ Co 50 Fe 50 MTJs, we measured the bias voltage dependence of the differential conductance ͑G = dI / dV͒ for the parallel and antiparallel magnetization configurations ͑G P and G AP , respectively͒ at 4.2 K and RT. Figure 3 shows G P ͑V͒ and G AP ͑V͒ at 4.2 K and RT. Although G P was always greater than G AP in the positive bias voltage region, a sharp increase of G AP and a clear crossover between G P and G AP occurred with increasing negative bias In contrast, the measured G P ͑V͒ and G AP ͑V͒ at both RT and 4.2 K for an identically fabricated epitaxial Co 50 Fe 50 /MgO/Co 50 Fe 50 MTJ showed that G P was always greater than G AP over both the positive and negative bias regions.
Taking into consideration the order of magnitude of the characteristic energy E c = e͉V c ͉ of ϳ0.4 eV, the crossover can hardly be explained by inelastic tunneling via, for example, electron-magnon or electron-phonon interaction.
A possible transport mechanism leading to this notable crossover is the direct tunneling that reflects the spindependent density of states of the CMS electrode rather than that of the Co 50 Fe 50 electrode. Figure 4 shows a schematic diagram explaining the spin-dependent tunneling process in the CMS/ MgO / Co 50 Fe 50 MTJs for negative V and the antiparallel configuration, where the density of states from the electronic band structure calculation for CMS by Picozzi et al. 15 and the density of states of the s-like electrons for Co 50 Fe 50 are assumed. With this half-metallic band structure for CMS, the experimentally observed crossover can be reasonably explained as follows: the dominant tunneling process contributing to the increase of G AP in the negative bias voltage region is the electron tunneling from the occupied valence band states ͑below E F ͒ in the majority-spin band of Co 50 Fe 50 into the vacant conduction band states ͑above E F ͒ in the minority-spin band of CMS.
On the other hand, the theoretically predicted energy differences E d between the bottom of the vacant minority-spin conduction band ͑above E F ͒ and E F are 0.48 eV for CMS according to Picozzi et al. 15 and 0.055 eV according to Ishida et al. 14 The experimentally obtained value, ϳ0.4 eV, for the characteristic energy E c of the CMS/ MgO/ Co 50 Fe 50 MTJ agreed well in the order of magnitude with the E d theoretically predicted for the minority-spin band by Picozzi et al. 15 Thus, the observed features in the spin-dependent G vs V characteristics in the negative bias voltage region suggest the existence of a basic energy gap structure for the minorityspin band of the CMS electrode with E d of around 0.4 eV. This value of E d ϳ 0.4 eV is in contrast to a much smaller value of E d ϳ 10-20 meV estimated for CMS electrodes from both CMS/ AlO x / CMS MTJs ͑Ref. 11͒ and CMS/ AlO x /Co 75 Fe 25 MTJs. 13 In the above discussion, we did not explicitly consider a possible coherent tunneling process. However, even if a coherent tunneling process was involved, our interpretation is not basically altered. This is because our explanation is based on the existence of a basic energy gap structure in the minority-spin band of the CMS electrode.
In summary, we fabricated fully epitaxial, exchangebiased MTJs with a Co-based full-Heusler alloy CMS thin film as a lower electrode, a MgO tunnel barrier, and a Co 50 Fe 50 upper electrode. Cross-sectional high-resolution transmission electron microscope observations indicated that all layers of the CMS/ MgO / Co 50 Fe 50 MTJ layer structure, including the layers for exchange biasing, were grown epitaxially and were single crystalline. The microfabricated CMS/ MgO / Co 50 Fe 50 MTJs exhibited relatively high tunnel magnetoresistance ratios of 90% at RT and 192% at 4.2 K. The bias voltage dependence of differential conductance ͑dI / dV͒ for the parallel and antiparallel magnetization configurations suggested the existence of a basic energy gap structure for the minority-spin band of the CMS electrode with an energy difference of about 0.4 eV between the bottom of the vacant minority-spin conduction band and the Fermi level. 
